I. INTRODUCTION
Tank experiments modeling underwater sound propagation provide benchmark data for validating theoretical and numerical solutions for sound propagation in the oceans.
1,2 Salinity, temperature, and hydrostatic pressure vary continuously with ocean depth, and the sound speed decreases with increasing depth until it reaches a minimum at a depth that is typically 1 km at mid-latitudes. The speed profile as a function of ocean depth is perturbed by spatiotemporal variations produced by internal gravity waves, [3] [4] [5] eddies, 6, 7 and fronts. 8, 9 Laboratory experiments have perturbed the sound speed using thermistors or acoustic lenses in tanks with a homogeneous fluid (e.g., Refs. [10] [11] [12] [13] [14] , but those experiments did not have a depth-varying sound speed profile as in the oceans.
The objective of the present study is to develop a laboratory tank system with the fluid density varying continuously with depth so the sound speed will vary continuously with depth, as in the oceans. A related earlier tank experiment 15 created a fluid density profile using seven layers of different miscible liquids, chosen so the density profile would be both stable and also have a sound speed with a minimum at some depth, analogous to the sound speed minimum in the oceans. The layered density profile evolved as the liquids diffused and the alcohol in the top layer evaporated. The sound speed was measured as a function of depth and used in a parabolic equation model and found to agree with attenuation measurements made as a function of horizontal path length. Another tank experiment measured scattering of ultrasound by a vortex ring in a tank containing a linearly stratified fluid; characterization of the fluid was not used in the sound modeling. 16 In the present study we integrate fluid and sound measurements in a tank experiment with the salinity of the water increasing continuously with depth, and we use the fluid measurements to calculate the sound speed profile needed for sound modeling. To obtain sound profiles relevant to the oceans, the tank is filled by the double bucket method, which makes possible any desired density profile. 17 The density of the fluid is measured as a function of depth, and the result is used to calculate the sound speed profile. To validate the experiment as a model for sound propagation in the ocean, we measure the spatiotemporal variation of sound waves propagating through the fluid, and the results of sound measurements are compared to results from a ray analysis of sound propagation in a medium with a known density vertical profile. Tank systems like the one we describe can be used in future studies of sound propagation through density-stratified fluids where spatial and temporal variations are produced by internal waves, vortices, or flow, as in the oceans. The acoustic propagation and fluid density field can be simultaneously measured and compared with models of sound propagation in the fluctuating stratified oceans.
The paper is organized as follows. The tank system is presented in Sec. II, and the determination of the sound speed profile from the measured fluid density is described in Sec. III. The results of two-dimensional (2D) sound refraction and sound signal distortion are presented in Secs. IV and V, followed by the extension to three dimensions in Sec. VI. Section VII discusses the application of the results to sound propagation in fluctuating stratified fluids. Experiments are conducted with the sound transmitter and receiver immersed with their surfaces perpendicular to an axis in the long direction of the 0.9 m long tank. The center frequency of the sound pulses is about 1 MHz [ Fig. 1(c) ], which corresponds to a sound wavelength about 1.5 mm in the fluid. Received sound pulse signals are digitized at 100 MHz. After each measurement, a three-dimensional translation stage is used to move the receiver slowly (1 mm/s) for a horizontal or vertical distance of 10 mm; the orientation of the receiver surface is preserved during the motion. In order to allow perturbations to decay, no measurements are made for one minute after each translation of the transducer.
The transducer translation and data acquisition sequences were all computer-controlled. It took several hours to make the scans presented in this paper. During the scans the room temperature was monitored at several locations and was found to hold steady at 23.1 6 0.1 C. Considering the fluid as a model for an ocean 10 4 larger in scale, the ocean depth would be 5000 m. Applying the factor 10 4 to the sound signal gives a frequency of 100 Hz and a wavelength of 15 m. Our focus, however, is on the characterization of sound propagation in a stratified fluid and not on scaling the setup to correspond to the ocean.
III. SOUND SPEED PROFILE
The sound speed as a function of height is computed from the measured density profile using the results of Kleis and Sanchez 18 for the sound speed c (m/s) in a NaCl solution as a function of salinity S (by weight fraction) and temperature T ( C),
The height dependence of salinity is deduced from the measured density profile, using the results of Laliberte and Cooper 19 for the density q (kg/m 3 ) of a NaCl solution as a function of S and T,
where q 0 ðTÞ is the density of pure water and V app ðS; TÞ is the apparent specific volume of NaCl (m 3 /kg),
V app ðS; TÞ ¼ ðS þ e 2 þ e 3 TÞ=ðe 0 S þ e 1 Þexp ½e 5 ðT þ e 4 Þ 2 :
The coefficients in Eqs. (1)- (4) are given in the Appendix. The resulting sound speed varies linearly with height z [ Fig. 1(b) ], Refracted ray paths from the sound source to a receiver at the same depth, determined from a ray model that uses the sound speed profile in (b) as input. The rays arrive at an angle h for a horizontal range varying from 510 to 645 mm, as in the experiments (Fig. 2) ; the ranges correspond to 364-407 sound wavelengths.
IV. SOUND REFRACTION IN THE STRATIFIED FLUID
We compare measurements of sound refraction in the stratified fluid with a ray analysis that uses the sound speed profile given by Fig. 1(b) . The sound far field is scanned in the vertical and source-receiver directions for a fixed transmitter position. Rays traveling from the source to a receiver at the same fluid depth are illustrated in Fig. 1(d) for the values of the range investigated in the experiments. The path for each sound ray is an arc of a circle with a constant radius, R ¼ 1=ða cos h 0 Þ [cf. Eq. (5) for a], where h 0 is the ray angle with respect to the horizontal at the source. The central ray in Fig. 1(d) radiates with an angle of about À4
at the source and refracts with a radius of 4265.7 mm, which corresponds to 3047 wavelengths.
Wavefronts given by isochrons of the arrival times for sound that has propagated through the density stratified fluid are shown in Fig. 2(a) . The isochrons determined from 2-dimensional scans in a vertical plane through the source at (0, 0) and the receiver at (x, z) are shown by the edges of the colored bands. The measurements agree well with calculations from the integral of the accumulated sound travel time along the eigenray's trajectory (black dashed lines).
The isochrons show that sound travels faster at a given vertical distance below the source height than at the same distance above the source height. This asymmetry of wave fronts with respect to the height of the source illustrates the upward refraction of sound, because for a given horizontal range the sound arrival time minimum is at a height where the arc of the isochrons is vertical, corresponding to a location where the upward refracted ray reaches its maximum depth for a horizontal arrival. The good agreement of the measurements with the model supports the characterization of sound travel time in the stratified fluid. Figure 2 (b) compares sound signals measured at a horizontal position x ¼ 614 mm (439 sound wavelengths from the source) as a function of height z with those computed from a ray analysis. The signals are distorted compared to the original pulse as a consequence of the different time (or phase) delay for rays arriving at different locations on the receiver, which is about 9 sound wavelengths in diameter (D ¼ 12.7 mm) .
V. SOUND SIGNAL DISTORTION IN THE STRATIFIED FLUID
The detected signal s(t) is modeled by summing the rays arriving at x ¼ X, where the receiver surface is normal to x. The result is
where s 0 ðtÞ is the signal emitted from the sound source [cf. Fig. 1(c) ], wðX; y; zÞ accounts for the signal amplitude (y is the third dimension), and TðX; y; zÞ is a ray travel time from source to the point (X, y, z). We take the signal amplitude wðX; y; zÞ to be constant over the receiver surface. The integral along y accounts for the spatial extent of the circular receiver along the third dimension,
The arrival time is approximated as TðX; y; zÞ ' TðX; 0; zÞ ' T ctr þ ½ðsin h ctr Þ=cðZÞðz À ZÞ, where the dependence of the ray arrival time TðX; y; zÞ on y is neglected, and the arrival time TðX; 0; zÞ is expanded around the receiver center at z ¼ Z to linear order in ðz À ZÞ with c(Z), T ctr , and h ctr being, respectively, the sound speed, ray arrival time, and angle at the receiver center z ¼ Z.
The detected signals computed from Eq. (6), shown in Fig. 2(b) , have used the arrival angles at the receiver center obtained from ray theory [see Sec. IV and see h in Fig. 2(c)] . Consequently, the agreement of the detected and computed signals provides a confirmation of the experimental characterization of the oblique arrival angles of the refracted rays. Improved agreement between detected and computed signals could be achieved using a refined ray model that would account for the finite sound source size and the approximations made for the sound ray amplitude and travel time.
VI. THREE-DIMENSIONAL PROPAGATION
We characterize the three dimensionality of the sound refraction and distortion by scanning the sound signal in the yz plane at x ¼ 591 mm. The sound arrival time from the scan is shown in Fig. 3(a) and compared with that determined from the ray model. Both the measurements and the model show the minimal arrival time has shifted to a negative z ¼ 54 mm, while in an unstratified fluid the minimum is at z ¼ 0. The minimal arrival time occurs where the eigenray is perpendicular to the y-z plane. For each height z, the arrival time is minimum at and symmetrical around the plane y ¼ 0 mm. The signals for a height of z ¼ 0 mm are shown in Fig. 3(b) for different y locations; the model results agree well with the measurements.
VII. DISCUSSION
We have developed a tank experiment that integrates sound and fluid measurements to characterize sound propagation in a continuously stratified fluid. The study uses the density profile measured in the tank to calculate the sound speed profile needed for sound modeling. Density-dependent propagating perturbations such as internal waves introduced into the fluid will perturb sound signals propagating on the acoustic track between the sound transmitter and receiver. Future studies can model the effect of these perturbations on acoustic signals in the fluctuating stratified oceans. The approach developed in the present study can be used to calculate a perturbed sound field from a fluid density field measured in the tank, while field measurements of a fluid density field would be difficult or impossible. Future observations of perturbed fluid density and sound speed fields in the tank, combined with the unperturbed profiles determined in the present study, would provide a complete data set of density and sound speed fields that could be used in simulations for underwater sound propagation.
